A highly specific radioimmunoassay for aldosterone in plasma has been developed utilising extraction from plasma into dichloromethane, an antiserum raised to aldosterone-3-carboxy-methyloxime-BSA and a radio-iodinated derivative of aldosterone. The plasma values obtained after only extraction correlated very well with the results following chromatography over celite. The within-and between-batch variations for plasma pools ranged between 5 and 15%. The range obtained, HXl-1806 pmoVL for 96 random upright subjects, was comparable to others reported. Measurement of plasma aldosterone and plasma renin activity in these subjects showed that both these parameters are higher in subjects under 40 years of age than in those over 40. In addition, plasma aldosterone levels are higher in women than in men even though their plasma renin activity levels are similar. The plasma aldosterone/renin activity ratios which provide an index of adrenal sensitivity to stimulation, are lower in men than in women. The findings in this study suggest that higher aldosterone levels in younger subjects are associated with greater stimulation of the adrenals than in older subjects and that the adrenal is more sensitive in women than in men.
A highly specific radioimmunoassay for aldosterone in plasma has been developed utilising extraction from plasma into dichloromethane, an antiserum raised to aldosterone-3-carboxy-methyloxime-BSA and a radio-iodinated derivative of aldosterone. The plasma values obtained after only extraction correlated very well with the results following chromatography over celite. The within-and between-batch variations for plasma pools ranged between 5 and 15%. The range obtained, HXl-1806 pmoVL for 96 random upright subjects, was comparable to others reported. Measurement of plasma aldosterone and plasma renin activity in these subjects showed that both these parameters are higher in subjects under 40 years of age than in those over 40. In addition, plasma aldosterone levels are higher in women than in men even though their plasma renin activity levels are similar. The plasma aldosterone/renin activity ratios which provide an index of adrenal sensitivity to stimulation, are lower in men than in women. The findings in this study suggest that higher aldosterone levels in younger subjects are associated with greater stimulation of the adrenals than in older subjects and that the adrenal is more sensitive in women than in men.
The most widely used method for the measurement of aldosterone in plasma is radioimmunoassay. Since the concentration of aldosterone in plasma samples is very low compared to the levels of some potentially cross-reacting steroids, chromatographic purification of samples prior to assay provides the most accurate results especially in samples with abnormal steroid profiles. I, 2 Simpler methods for the purification of samples prior to assay have been reportedr? all of which require extraction into organic solvents. Over the past 10 years direct radioimmunoassays for aldosterone have been promoted. Ogihara et al. 6 employed a highly specific antiserum in such an assay. Al Dujaili and Edwards? claimed that a low assay pH and the use of a radio-iodinated derivative greatly enhanced the avidity of the antiserum for Correspondence aldosterone relative to the other steroids, thus providing a useful direct assay for aldosterone. These direct methods are convenient, cheap and fast, and were reported to give results which were similar to, and correlated with, results obtained following chromatography. However, we were unable to confirm the dramatic pH effect on antibody specificity described by Al Dujaili and Edwards? using the same antiserum and the same assay systemour findings were similar to those of Lun et al. 8 In this study we describe the evaluation of antisera for use in an aldosterone radioimmunoassay using a radio-iodinated aldosterone derivative, and the subsequent development of a highly specific, convenient routine assay for aldosterone following extraction from plasma. This assay was used to examine the reninangiotensin-aldosterone axis in an ambulatory random population. Plasma aldosterone levels are higher in women than in men-this is due to greater adrenal sensitivity to stimulation in women. Plasma aldosterone levels are lower in subjects over 40 years of age than in those under 40 years-due to less stimulation of the adrenal in older subjects.
Materials and methods
All steroids used as standards were obtained from Sigma Chemical Co. Norit A activated charcoal, bovine serum albumin (BSA), gelatin and dextran T-70 were also purchased from Sigma.
Aldosterone-3-carboxymethyloxime (CMO)-1251-histamine was obtained from RIA (UK) and also from the Radiochemical Centre (Amersham, UK). The antiserum used in the assay, raised in rabbit to aldosterone-3-CMO-BSA, was obtained from RIA (UK) and used at a final dilution of 1 in 100 000. Antiserum Sl4-3, raised in sheep to aldosterone-3-CMO-BSA by Al Dujaili and Edwards," was obtained from International Laboratory Services (ILS), London, and was also evaluated (final dilution 1 in 300000). The assay buffer was 0·05M phosphate buffer, pH 7·4 containing BSA, 1 giL. The charcoal suspension contained activated charcoal, 10 giL, dextran T-70, 1 gIL, gelatin, 1 gIL and sodium azide, 1 g/L, Steroid free plasma was prepared by allowing pooled human plasma to pass down a charcoal-eelite column." The efficiency of this method was estimated by incorporating a tritiated aldosterone tracer in the plasma prior to charcoal treatment; 95% of the tritiated aldosterone was absorbed by the charcoal. Assay of the treated plasma for aldosterone following chromatography showed none detectable. Aldosterone standards were made up in steroid free plasma for the direct assay and in assay buffer for the assays following purification. In both cases the standards ranged from 35 to 4440 pmol/L, Blood samples used in this project were collected in tubes containing lithium heparin, placed on ice and subsequently centrifuged; the harvested plasma was stored at -20°C. Frozen samples were thawed at room temperature, vortex mixed, and then centrifuged.
ALDOSTERONE ASSAY PROTOCOL
Plasma, 0·5 mL, was equilibrated with 1000 cpm of tritiated aldosterone and then extracted into dichloromethane, 7 mL. The dichloromethane was evaporated to dryness at 37°C. The residue was reconstituted in assay buffer, 0·5 mL. Two hundred ul, of this was used to assess the percent recovery of tracer steroid added prior to extraction. The recovery following extraction was 89·4±6% (mean±SD, n=75). The remain-der of the reconstituted extract was used in the radioimmunoassay procedure. All reconstituted extracts were assayed neat and diluted two-fold in assay buffer. Fifty ul, of standard or reconstituted extracts were pipetted , in duplicate, in to plastic assay tubes. Assay buffer, 50 ul., was added to each of four assay tubes (two for the assessment of non-specific binding (NSB) and two to assess the percentage of steroid tracer that was bound to antibody in the absence of non-radioactive aldosterone ie, total binding or zero tubes). The radio-iodinated aldosterone derivative (10 000 cpm per 450 ul.) in assay buffer was prepared and 450 ul, transferred to each of the NSB tubes and also to two other tubes to assess the total amount of radioactivity added to each assay tube (total counts tubes). Antiserum was added to the remainder of the solution containing the radioiodinated derivative and this was mixed for at least 5 min at room temperature to give a 'binding solution'. Binding solution, 450 ul., was added to each of the remaining tubes. The tubes were multivortexed and incubated for between 16 and 24 h at 4°C. Charcoal suspension (kept mixing at 4°C on a magnetic stirrer), 0·5 mL, was added to all except the total counts tubes. The tubes were multivortexed and centrifuged immediately at 4°C for 15 min at 3000 g. The supernatant was aspirated off and the radioactivity in the free fraction (the charcoal pellet) counted on a Nuclear Enterprises NE1612 gamma counter. The direct assay procedure used was that described by Al Dujaili and Edwards using a phosphate/citrate buffer pH 3.6. 7 Chromatography over celite following extraction was carried out according to the method of Abraham." The recovery of added tritiated aldosterone following extraction and chromatography was n'5±7% (mean±SD, n=38). Plasma renin activity was measured using a CEA Sorin (Vercielli, Italy) kit to estimate the generation of angiotensin I by radioirnmunoassay.l'' The ratio of aldosterone concentration/lenin activity in plasma provided an index of the glomerulosa sensitivity to stimulation. The higher the value obtained, the more sensitive to stimulation were the aldosterone-secreting cells, assuming that the metabolic clearance of aldosterone was unchanged. 11 Blood samples were taken from a group of 96 healthy normotensive men and women, aged between 15 and 74 years, who were not on any medication. All the volunteers were in the upright position prior to and during the withdrawal of blood. All the samples were taken between 0900 and 1700 h. The sample from each patient was aliquoted into a tube containing lithium heparin for the estimation of aldosterone and into a tube containing EDTA for the estimation of plasma renin activity.
Plasma oestrogens were measured by radioimmunoassay following extraction of the plasma into ether. The antiserum used was previously .characterised by Abraham 12 and shown to be highly specific for oestrogens, The assay procedure used has been optimised and validated in our laboratory for the measurement of total plasma oestrogens. Oestrogen levels are higher in women under 40 years (582±320 pmol/L, mean±SD, n=42) than in women over 40 years (275 ± 227 pmol/L, n = 14), P<O-OO1.
Group means have been presented with the standard deviation as the index of dispersion. Correlations were calculated using regression analysis. Comparisons of the values from different groups were made using the unpaired r-test.
Results

EVALUATION OF ALDOSTERONE ASSAY
The assay yielded a typical radioimmunoassay standard curve ie, sigmoid shaped on a loglinear plot. Depending on the characteristics of the radio-iodinated derivative the antibody bound to between 45 and 65% of tracer. The standard curves were unaffected, however, by a change in total binding. The non-specific binding under all conditions examined, never exceeded a value of 2%. The specificities of the antisera were expressed according to the method of Abraham." The results are summarised in Table 1 . Cross-reactivity studies on the ILS antiserum were carried out at different pH values; the cross-reactivities at 50% of progesterone, deoxycorticosterone, corticosterone and l l-deoxycortisol at pH 7-4 (0'525, 0-059, 0·0093 and 0·0017, respectively) were similar to those at pH 3·6 (0-22, 0-082, 0·0085 and 0,0014, respectively) .
The aldosterone assay described hereafter utilised extraction of the plasma samples into dichloromethane followed by radioimmunoassay using the RIA (UK) antiserum at a final dilution of 1 in 100000. The accuracy of the method was assessed by estimating the recovery of aldosterone added to three plasma samples: the aldosterone levels in these three samples measured prior to this assessment were 139,404 and 895 pmol/L, respectively. Five aliquots of each sample were spiked with aldosterone such that the final concentration of added testosterone ranged from 90 to 1170 pmol/L, The aldosterone levels in the original and the spiked samples were measured in the same assay and the amount of aldosterone recovered from each aliquot calculated by subtracting the aldosterone value obtained from the original sample from the value obtained from the spiked sample. The results, shown in Fig. 1 , demonstrate the high degree of accuracy of this method. All the patient samples after extraction and reconstitution in buffer were assayed neat and at a two fold dilution in buffer. The index of parallelism was defined as:
Neat assay value
Dilution assay value Ideally this should equal 2. For 63 plasma samples from five different assays the index of parallelism was 2·2±0·3. Within-and betweenbatch variation was examined by assay of different pooled plasma samples ( Table 2) . Within-batch variation and sensitivity were assessed by constructing a precision profile The standard deviation of the response at a given dose/slope of the dose-response graph at that point. The response in this case was the calculated percentage of free radioactivity in the assay tube. The standard deviation was obtained from five replicate observations at each point in three successive assays.
( Fig. 2) as recommended by Ekins. 13 The precision profile in a dose-error plot which defines (i) the optimal working range of the assay, ie, the dose values for which the relative error is less than 10%, and (ii) the sensitivity of the assay, ie, the error at zero dose. The optimal working range of our assay as defined by the precision profile is between 90 and 750 pmol/L; the sensitivity of our assay is below 35 pmol/L, our lowest standard. For each assay the agreement between duplicate measurements was assessed by calculating the average batch coefficient of variation (ABCV) as defined by Jeffcoate: 14
The response used was 'the calculated percentage of radioactivity in the free fraction, ie: give a high ABCY. The ABCY for most of our assays was <1·0%. Assays with ABCYs of > 5% were rejected. The maximum number of tubes to which charcoal was added in a given assay was set at 150. There was no significant drift between standard curves set up at the beginning, in the middle, or at the end of this size of assay. A large number of plasma samples from patients and from the reference population were assayed under three conditions: directly, following extraction into dichloromethane, and following chromatography over celite. The results are shown in Figs 3 and 4 . The direct assay values were significantly higher than the results following chromatography, while the values obtained following extraction were similar to those after chromatography. In the population as a whole, subjects aged <40 years had higher aldosterone and plasma renin activity values but the aldosterone/plasma renin activity ratio levels were higher in older subjects. Similar changes were seen when the examination was confined to 56 women but similar trends did not achieve statistical significance in the 40 men. Plasma aldosterone and the aldosterone/plasma renin activity ratio were higher in women than in men when the entire group was examined; plasma renin activity was similar in the two sexes. The plasma aldosterone/renin activity ratio was higher in women aged > 40 years than in younger women. The aldosterone levels were higher in women than in men aged <40 years. Although the trends were similar to that in the entire population, other statistical significances did not emerge when the examination was confined either to subjects under 40 years or to subjects over 40 years. In patients with primary aldosteronism the aldosterone/plasma renin activity ratio was elevated while in adrenal insufficiency this parameter was markedly suppressed. In contrast the aldosterone/plasma renin activity was normal in secondary hyperaldosteronism and in hyporeninaemic hypoaldosteronism.
Discussion
The essential requirement for a direct steroid immunoassay for plasma is a highly specific antiserum so that levels measured by direct assay should be similar to the results obtained after chromatographic purification. If an aldos-terone antiserum is to be used routinely, without preparative purification of plasma, the cross-reactivity with the steroids normally present in plasma samples should be such that high physiological or pathological levels of these steroids, alone or in combination, do not interfere with the binding of aldosterone to antibody. To achieve this the cross-reactivities of cortisol, corticosterone, 18-hydroxycorticosterone, 18-hydroxy-l1-deoxycorticosterone and progesterone should be below o·()() 1%, 0·01 %, 0·09% and 0·01 % respectively at 50% binding. IS We evaluated the suitability of two antisera, raised to aldosterone-3-CMO-BSA, for use in a direct assay. The ILS antiserum did not meet all these requirements (Table 1) , and we were unable to demonstrate a major increase in the avidity of the antibody for aldosterone relative to the other steroids when the assay pH was lowered from 7·4 to 3·6, as has previously been reported." Lun et al.K also failed to confirm this pH effect; to compensate for the high cross-reactivities of cortisol, corticosterone and deoxycorticosterone they added these three steroids to their standards, a strategy which we consider unsatisfactory. Cross-reactivity of progesterone with aldosterone at 0·2 or 0·5% could exaggerate fluctuations of aldosterone levels (assayed directly) through the menstrual cycle to approximately 100 or 250 prnol/L, respectively, with average progesterone levels in the follicular phase of 2 nmol/L and in the luteal phase of 50 nmol/L. The ILS antiserum was not evaluated further. The RIA UK antiserum did meet the suggested criteria, the highest cross-reactivity being that with cortisone, 0·026% at 50% binding (Table  I) -however the concentration of cortisone required to cross-react significantly is about'IOO times greater than that found in plasma."
Using the RIA (UK) antiserum in the direct radioimmunoassay for aldosterone we assayed a large number of plasma samples and compared the results with values obtained following extraction into dichloromethane and following chromatography over celite. The results obtained with the direct assay were over twice those obtained after chromatography (Fig. 3) . Extraction of the plasma samples prior to assay gave results which were similar to aldosterone levels measured in chromatographed samples ( Fig. 4 ). Therefore we decided that for our routine aldosterone assay. extraction of the samples in to dichloromethane, prior to radioimmunoassay, would be necessary. Our findings agree with those of Jowett and Slater 16 who concluded that a direct assay was unsuitable for routine use. They postulated that the overestimate of aldosterone in the direct assay was due to water soluble metabolite(s) of aldosterone in plasma samples, possibly aldosterone glucuronide. These cross-reacting compounds remain apparently in the aqueous phase when the samples are extracted into an organic solvent like dichloromethane. Although the extraction procedure is sufficient for the accurate routine estimate of aldosterone in plasma by radioimmunoassay, this assay, like any other, should be validated prior to any novel application.
The reference levels for plasma aldosterone in 96 upright subjects (male and female aged 15-74 years) obtained using our assay was 427±298 pmol/L (mean±SD) with the values ranging from 100 to 1806 pmol/L. The range is comparable to most quoted ranges. 1-8. 16 The major factors affecting plasma aldosterone variability in normal subjects are sodium intake and posture via the agency of angiotensin II generation with an approximately 2-fold increase on standing. I? Potassium, ACTH and dopamine also influence aldosterone secretion.l" and a circadian rhythm has been recorded.!? The correlation coefficient for plasma aldosterone levels and plasma renin activities in our group was 0·39 (P<O·OOl). This compares with values of 0·53 and 0·40 from previous studies done by Weidman et al. 211 and Lijnen et al? In this study we have also observed variations with age and sex. Aldosterone levels in subjects aged 15-39 years were higher than those in subjects aged 40-74 years ( Table 3) ; Lijnen et al.5 made a similar observation. Our findings that aldosterone levels were higher in women than in men confirms the report of McKenzie and Clements.f Statistical analysis of the plasma renin activities showed that they were significantly lower in older subjects compared to younger subjects. We used the aldosterone/plasma renin activity ratio as an index of adrenal sensitivity to stimulation by angiotensin. In order to validate this concept we compared values obtained in states characterised by the extremes of adrenal sensitivity (primary aldosteronism and primary adrenal insufficiency) and extremes of adrenal stimulation (secondary hyperaldosteronism and hyporeninaemic hypoaldosteronism), with values in normal subjects (Fig. 5) . The values obtained were abnormal in states of abnormal sensitivity but normal for states of the extremes of stimulation. The aldosterone/plasma renin activity ratios were enhanced in primary aldosteronism, suppressed in Addison's disease but normal in secondary aldosteronism and in hyporeninaemic hypoaldosteronism. These observations provide support for the concept that the aldosterone/plasma renin activity ratio provides a useful index of adrenal sensitivity. In our study the aldosterone/plasma renin activity ratios are higher in women than in men and higher in subjects aged > 40 years than in those under 40. These observations suggest that the adrenal is more sensitive to stimulation in women than in men while higher aldosterone levels in younger subjects than in those over 40 are due to increased stimulation of the adrenal in the former. Since oestrogenic compounds are known to increase renin substrate;" renin activityf and the aldosterone excretion rate 23 we analysed the influence of oestrogens on adrenal sensitivity. The increased adrenal sensitivity to stimulation in women does not appear to depend on ovarian activity since the aldosterone/plasma renin activity ratio is higher in women aged> 40 years (plasma oestrogens, 256±209 pmoVL) than in younger women (plasma oestrogens, 582±320 pmol/L), P<O·OOI. In addition, the difference in adrenal sensitivity between men and women is not seen when the examination is confined to subjects under 40 years of age when the difference in oestrogen levels is greatest.
We have reported a highly specific radioimmunoassay for aldosterone in plasma which is suitable for routine clinical application as it utilises steroid extraction from plasma but not chromatography. Aldosterone levels tend to be higher in women than in men and higher in those under 40 years than in older subjects. Aldosterone-secreting cells appear to be more sensitive to stimulation in women than in men, while reduced adrenal stimulation may account for lower aldosterone levels in older subjects. Aldosterone, PRA and oestrogen levels are significantly higher in younger women than in older women but the aldosterone/PRA ratio is significantly higher in older women. These findings may suggest that although raised oestrogen levels are associated with elevated aldosterone, adrenal sensitivity is not influenced by oestrogen levels since the sensitivity is higher in older women who have lower oestrogen levels than younger women.
